The purpose of this study was to examine the hypothesis that higher stimulus velocities could be tolerated in amblyopic and normal peripheral vision. The basis for this hypothesis is that a shift in the spatial scale of processing appears to account for the degradation in vernier acuity for moving stimuli in normal vision, and, to a large degree for the degradation in vernier acuity for stationary stimuli in amblyopic and peripheral vision. Vernier thresholds were determined using a pair of long abutting lines, for velocities ranging between 0 and 8 deg/sec. Comparisons were made between non-amblyopic and amblyopic eyes in two amblyopic observers, and between central and peripheral (5 and 10 deg) vision in two normal observers. We analyzed our threshold vs velocity data using an equivalent noise analysis, and defined the knee of the function, the point at which vernier threshold is elevated by a factor of v/2, as the "critical velocity" beyond which image motion degrades vernier acuity. Critical velocities were found to be higher in amblyopic than in nonamblyopic eyes; and higher in peripheral than central vision. Our results are consistent with the predictions from the shift in spatial scale notionmthat higher velocity of image motion can be tolerated because of the shift in sensitivity toward lower spatial-frequency filter mechanisms in amblyopic and normal peripheral vision. © 1997 Elsevier Science Ltd
INTRODUCTION
In normal foveal vision, spatial vision is severely degraded by retinal image motion. For example, vernier acuity for line targets is degraded when the target velocity exceeds between 1 and 4 deg/sec (Westheimer & McKee, 1975; Morgan et al., 1983; Carney et al., 1995; Chung et al., 1996) . In small part the degradation of vernier acuity may be attributed to reduced target visibility due to motion smear (Carney et al., 1995; Chung et al., 1996) ; however, our earlier masking experiments suggest that the main effect of image motion is a shift in sensitivity of the visual system toward low spatial-frequency filter mechanisms when analyzing moving stimuli (Chung et al., 1996) . Since the precision of vernier acuity will depend strongly on the slope of the most sensitive mechanism, the shift in spatial scale will necessarily result in a degradation in vernier thresholds. In fact, we found in our earlier study an almost proportional relationship between the size of the optimal mechanism (as estimated from masking) and the threshold acuity for vernier targets moving at velocities between 0 and 4 deg/sec (Chung et al., 1996---and see In amblyopic and normal peripheral vision, vernier acuity for stationary stimuli is severely degraded. In these degraded visual systems, the poor vernier acuity for stationary lines is also attributable, to a great extent, to a shift in spatial scale toward lower spatial frequencies (in amblyopic eyes-- Levi et al., 1994b; in peripheral vision--Levi & Wangh, 1994) . Because the most sensitive mechanism in amblyopic and peripheral vision is already a low spatial-frequency one, we hypothesized that these visual systems may be more tolerant to the effect of image motion than the normal fovea. The quantitative basis for this prediction is shown in Fig. 1 , which illustrates how the size of the most sensitive normal foveal mechanism increases with velocity (diamonds--from Chung et al., 1996) . Also shown at 0 velocity are estimates of the optimal mechanism size in the central field of two strabismic amblyopes (Levi et al., 1994b) and at 5 and 10 deg in the normal periphery (Levi & Waugh, 1994) . By taking a horizontal cut at a given mechanism size, and reflecting its intersection with the line connecting the normal foveal data onto the abscissa, one can predict the range of velocities over which image motion would be rendered ineffective by virtue of the intrinsic blur of the visual system. A further prediction from this shift-in-spatial-scale hypothesis is that the performance of the amblyopic and peripheral visual systems would be similar to the normal fovea at some ("high") stimulus velocity. Chung et al., 1996) . Other markers plotted at 0 velocity represent the optimal mechanisms for the two amblyopic observers (data obtained from Levi & Waugh, 1994) or in the normal periphery (Levi et aL, 1994b) . Data reported in the figure were all obtained using a masking paradigm. For any given mechanism size (spatial period), a corresponding critical velocity can be interpolated from the monotonic function relating spatial period and velocity.
To test our predictions, we compared vernier thresholds for moving abutting line stimulus in the amblyopic vs the non-amblyopic eyes in two observers with amblyopia; and in the peripheral vs central vision in two observers with normal vision. Our hypothesis was that the amblyopic eye and normal periphery should be able to withstand a higher stimulus velocity before vernier thresholds start to be degraded by image motion.
METHODS
Vernier thresholds for moving stimuli were measured in both eyes of two amblyopic observers whose visual characteristics are summarized in Table 1 . Both observers have strabismus and one of them suffers from anisometropia as well. Both of these observers participated in the Levi et al. (1994b) masking study, so we have an estimate of their spatial scale shift (illustrated in Fig. 1 ). Thresholds were also determined for two normal observers while the stimulus was presented foveally or at 5 or 10 deg in the nasal visual field. The vernier stimulus was a pair of long, thin, horizontal abutting lines, moving at one of five velocities: 0 (stationary), 1, 2, 4 and 8 deg/ sec. To ensure that any elevated threshold that we obtained with stimulus motion combined with amblyopic or peripheral vision is not due to reduced visibility of the stimulus, we presented the stimulus at a contrast equivalent to four times the detection threshold at each velocity. Detection thresholds were determined prior to testing vernier acuity, using a single line of the same width and length as one of the two lines that made up the vernier stimulus. Specific details of generating the stimulus and the procedures of testing were given elsewhere (Chung et al., 1996) . In brief, the stimuli were generated by a Neuroscientific VENUS stimulus generator with 12-bit contrast control at a frame rate of 270 Hz, and were presented as dark lines on a Tektronix 608 oscilloscope (P31 phosphor) at a mean luminance of 100 cd/m 2. We used a white diffusing plate to mask the screen of the oscilloscope down to a circular aperture of 1.15 deg in diameter, when viewed at a testing distance of 4m. At this viewing distance, each pixel on the oscilloscope subtends a visual angle of approx. 0.31 arc min. When necessary, sub-pixel vernier offsets were produced by assigning a different luminance value to each pixel of the lines that made up the vernier stimulus, such that the perceived position of the line was biased toward the centroid of the luminance distribution (Westheimer & McKee, 1977; Morgan et al., 1983; Morgan & Aiba, 1985; Morgan, 1991 ; specific details are given in the Appendix of Klein et al., 1990) . At the 4 m viewing distance used to test the normal fovea, each line was 34 arc min long, and 0.9 arc rain wide. Distances less than 4 m were used for stimuli moving at 8 deg/sec, and when amblyopic observers were tested with their amblyopic eyes and when normal observers were tested with their peripheral vision. These distances were determined based on the observer's line detection thresholds, such that the linewidth of the stimulus was still within Ricco's area (the region within which exists a complete integration of linecontrast). A fixation target was not provided for amblyopic observers or for normal observers tested with central vision, instead, we instructed our observers to fixate at the center of the oscilloscope screen, and not to try to track the moving stimulus. When testing normal observers with their peripheral vision, a small red fixation target was provided. Natural pupils were used to view the stimuli throughout the study and all tests were performed monocularly.
We introduced motion in our stimuli using apparent motion. The direction of motion was randomized to be either upward or downward and the duration of the stimulus presentation was limited to 148 msec in order to minimize pursuit eye movements. Because of the brief stimulus presentation duration, the change in eye position was minimal (Steinman et al., 1973) , thus, the stimulus velocity closely approximated the retinal image velocity.
The five stimulus velocities were tested in a pseudorandom order. Stimuli were presented using the Method of Constant Stimuli and data were collected using a self-paced rating method. For the vernier discrimination task, the test line could be presented at one of the five vertical offsets with respect to the reference line. These five offsets include one and two steps below or above the reference line, and level with it. The task of the observer was to rate the direction and magnitude of the offset, by pressing one of the five buttons on a response box. To preclude the use of any position cue furnished by the position of the stimulus relative to the edge of the circular aperture (for stationary stimuli), vertical positions of the lines comprising the vernier stimulus were randomly jittered from trial to trial (by an amount approximately equal to the largest vernier offset). For the line detection task, the test line could be presented at one of the three equally spaced, nearthreshold contrast levels, in addition to a blank field. The observer's task was to rate the contrast level of the test line, by pressing one of the four buttons on the response box. The position of the detection stimulus was not jittered randomly from trial to trial because we did not want position uncertainty to contaminate the intrinsic uncertainty associated with detecting the presence of the line. For both tasks, the order of presentation of the stimuli was randomized, and auditory feedback as to which stimulus was presented was given after the observer had responded. Each block contained 125 trials for vernier discrimination or 100 trials for line detection.
Responses obtained from each block were analyzed using the ROCFLEX signal detection analysis program, where the threshold was interpolated to a d' of one, corresponding to an improvement from 50 to 84% correct on the psychometric function . Each datum reported in this paper represents the value averaged across three to five blocks of trials, weighted by the inverse variance of each threshold estimate (Klein, 1992) .
RESULTS
Vernier thresholds are plotted as a function of the stimulus velocity in Fig. 2 , for the two amblyopic observers each tested with both the amblyopic and nonamblyopic eyes. As expected, vernier threshold increases with stimulus velocity (Chung et al., 1996) , for both amblyopic and non-amblyopic eyes. However, there are both qualitative and quantitative differences in the effect of velocity on vernier threshold for amblyopic vs nonamblyopic eyes. First, with stationary stimuli, vernier thresholds are worse for amblyopic than for nonamblyopic eyes, a result which is not surprising at all. Second, the difference in threshold obtained with the amblyopic and non-amblyopic eye of an individual observer decreases with increasing stimulus velocity, such that thresholds for the two eyes are quite similar at "high" velocities. Third, amblyopic eyes show a higher tolerance to image motion compared with non-amblyopic eyes. To quantify the highest velocity of image motion that can be tolerated, we fitted each data-set with the following equation:
where Tho represents the vernier threshold for static stimuli and Vc represents an estimate of the "critical velocity" beyond which image motion degrades vernier acuity. This equation is similar to that used by previous researchers to analyze the amount of equivalent intrinsic noise or blur in the visual system (e.g., Barlow, 1956 Barlow, , 1957 Watt & Morgan, 1984; Watt & Hess, 1987; Pelli, 1990; Levi & Klein, 1990) . Our estimate of Vc represents the velocity at which vernier threshold is elevated by a factor of x/~, or, the velocity at which the image velocity is equivalent to the "intrinsic velocity (or motion) noise" in the visual system, analogous to other forms of intrinsic noise. Curve-fitting was accomplished using Igor Pro TM, which utilizes a Levenberg-Marquardt iterative algorithm to minimize the error between the experimental data and the model fit. The experimental data were weighted by the inverse of the standard error of each threshold estimate during curve-fitting. Critical velocities as derived from the curve-fitting are given in the legend in Fig. 2 . For both observers, higher velocity of image motion could be tolerated for the amblyopic than the nonamblyopic eyes: a factor of 2.6 for RH and 1.3 for AJ.
For the normal observers, vernier thresholds measured with the stimulus presented foveally or at 5 and 10 deg in the nasal visual field are summarized in Fig. 3 . As expected, vernier thresholds increase with stimulus velocity regardless of whether central or peripheral vision was used. However, like the comparison between non-amblyopic and amblyopic eyes, there exist both qualitative and quantitative differences between thresholds obtained foveally and peripherally. First, vernier thresholds measured in normal peripheral vision are worse (higher) than those in central vision (e.g., Levi et al., 1985; Waugh & Levi, 1993; Levi & Waugh, 1994; Levi et al., 1994a) . In fact, a rough estimate of the E2 factor (retinal eccentricity at which threshold doubles) from our data is approximately 0.9 deg, a value which falls comfortably within the range reported in the literature (e.g., Levi et al., 1985; Wilson, 1991; Waugh & Levi, 1993; Levi & Waugh, 1994; Levi et al., 1994b; Chung, 1995) . Second, at "high" velocity, the difference in threshold obtained in central and peripheral vision of an individual observer decreases such that the values are quite similar. Third, similar to amblyopic eyes, vernier thresholds obtained in peripheral vision show a higher tolerance to image motion. As in Fig. 2 , we fitted the equivalent intrinsic noise equation to each data-set in order to quantify the critical velocity. These critical velocities are summarized in the legend in Fig. 3 . In general, the critical velocity increases with the retinal eccentricity at which the stimulus was presented, supporting the notion that higher stimulus velocity can be tolerated in peripheral vision. For both observers, critical velocities increase by about a factor of three when the retinal eccentricity increases from 0 to 5 deg. The critical velocity further increases for observer AT when tested at a retinal eccentricity of 10 deg.
DISCUSSION
Vernier discrimination is more tolerant to the adverse effect of image motion in (strabismic) amblyopic eyes and in peripheral vision than in the normal fovea. We postulate that this effect can be largely understood in terms of the shift in spatial scale that underlies vernier discrimination in amblyopia and normal peripheral vision, and for moving stimuli. Using a masking paradigm, we have determined previously that the elevation in vernier threshold for a stationary stimulus in arnblyopia and in normal periphery is attributable in large measure to the lower spatial-frequency mechanisms (thus, larger spatial scale) which mediate the task (amblyopic vision-- Levi et al., 1994b; peripheral vision--Levi & Waugh, 1994) . Similarly, we also determined that a shift in sensitivity toward lower spatial-frequency mechanisms is the basis for the degraded performance in discriminating a vernier offset with a moving stimulus (Chung et al., 1996) . Because the most sensitive spatial scale for vernier discrimination is already larger in amblyopic and normal peripheral vision, compared with normal foveal vision, image motion should not exert any detrimental effect on the vernier threshold until the stimulus velocity calls for a yet lower spatial-frequency mechanism to mediate the task. This explanation assumes that the effects arising from amblyopia or normal peripheral vision and that from image motion act as two different sources of noise which are additive in nature.
Using an equivalent noise analysis, we have determined that the stimulus velocity at which vernier thresholds are degraded by image motion is increased in amblyopic or normal peripheral vision. This increase in the critical velocity is consistent with increased velocity or motion noise due to a shift in visual sensitivity toward lower spatial frequencies. While some other forms of noise might have similar effects, we argue that similar effects do not occur due to contrast smearing as a result of image motion. Indeed, when we fitted the equivalent intrinsic noise equation to our previously reported data of vernier thresholds obtained at different contrast levels (Fig. 3 in Chung et al., 1996) , we found that while the vernier thresholds depend on contrast, the critical velocity remains more-or-less the same for the two levels of stimulus contrast (Fig. 4) . This finding suggests that contrast noise is not the cause of the increased critical velocity found in amblyopia and normal periphery.
If the critical velocity reflects faithfully the spatial scale that is used to analyze the vernier stimulus, there should exist a perfect relationship between the critical velocity and the size of the spatial-frequency mechanism that mediates vernier discrimination. In addition, the critical velocity should be tightly coupled to the optimal (i.e., static) vernier threshold. In Fig. 5 we have presented data to demonstrate these relationships. Figure 5(a) shows the critical velocity as a function of the spatial period of the optimal spatial-frequency mechanism, as derived from previous masking studies (Levi & Waugh, 1994; Levi et al., 1994b; Chung et al., 1996) . Apart from the peak spatial periods for normal observers at 5 and 10 deg retinal eccentricities, which represent the average values obtained from different observers in the study of Levi et al. (1994b) , all the values plotted are the results for the same observers taken from different studies. The slope of the fitted power function (straight line on log-log axes) is 1.11 _+ 0.23, indicating that the change in the critical velocity can be well accounted for by the change in the size of the spatial-frequency mechanism mediating the task. 
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FIGURE 4. The equivalent noise analysis was conducted on data extracted from the study of Chung et al. (1996) , for vernier thresholds obtained with moving stimuli at two levels of stimulus contrast (3x and 4x above the contrast threshold units, CTU). Observers SC and AT are the same observers who participated in the present study. For each observer, while the vernier thresholds depend upon contrast, the estimated critical velocities (given in the legend) for the two different contrast levels are very similar.
predictive of) the optimal vernier threshold that can be attained. Our findings that vernier thresholds are more resilient to image motion in amblyopic eyes and normal periphery are in accordance with the recent report of Fahle & Bachmann (1996) . In addition to the conventional vernier task like the one we used in the present study, Fahle & Bachmann (1996) also examined the effect of image motion on an interpolative vernier task. In contrast to the result for the conventional vernier task, they found that amblyopic eyes perform better than the non-amblyopic is plotted as a function of the spatial period (in arc rain) of the optimal spatialfrequency mechanism, as estimated using a masking paradigm in previous studies. Each datum represents the relationship obtained for a particular observer and condition. For the normal observers, peak spatial periods used for 5 and 10 deg retinal eccentricities are the values reported in the study of Levi et al. (1994b) , in which different normal observers took part (marked by an asterisk in the legend). (b) Static vernier threshold (in arc sec) is plotted as a function of critical velocity (in deg/sec). Each datum represents the relationship obtained for a particular observer and condition. Solid lines represent the fitted power functions to each data set.
eyes on the interpolative vernier task with moving stimuli at velocities greater than about 10 deg/sec. According to these authors, the superiority of the amblyopic eyes on the interpolative vernier task could be understood in terms of the nature of spatio-temporal interpolation, which is "to retrieve the impression of smooth motion from discrete presentations of the stimulus" (Fahle & Bachmann, 1996 , p. 1943 . Apparently, because amblyopic eyes could tolerate higher image velocity, the perception of smooth motion was still preserved at these velocities. Thus, the vernier thresholds obtained for the interpolative task were lower than those obtained with the non-amblyopic eyes, for which smooth motion breaks down at a lower image velocity. These results, together with the findings of the present study, suggest that amblyopic and peripheral vision alike, are more tolerant to the degrading effect of image motion, at least in the range of velocities tested in this study. This greater tolerance apparently arises as a natural consequence of the shift in spatial scale in amblyopic and peripheral vision, as well as in analyzing moving stimuli. The increased tolerance to image motion in amblyopic eyes may be useful, because amblyopes show higher eye drift velocities than normal observers when fixating with their amblyopic eyes (Ciuffreda et al., 1980) .
